Abstract. Cyclic AMP (cAMP) is a second messenger that plays a critical role in follicular recruitment, development and luteinization in the mammalian ovary. The cellular level of cAMP is largely dependent on the activity of phosphodiesterase (PDE), which degrades cAMP into 5'-AMP. The present study was conducted to investigate the level of cAMP and the activity of cAMP-PDE in postnatal rats; immature rats during gonadotropin-primed follicular development, ovulation and luteinization; adult rats during normal estrous cycling; and aged rats that spontaneously developed persistent estrous (PE) by radioimmunoassay (RIA). All four rat models were confirmed by histological examination of one ovary and assayed using the other ovary by RIA. In the postnatal rats, the ovarian cAMP level was high on day 10 after birth, while ovarian cAMP-PDE activity was highest at 21 days of age. In the immature female rats, both the ovarian cAMP level and cAMP-PDE activity increased remarkably after treatment with equine chorionic gonadotropin (eCG), increased continuously 24 h after injection of human chorionic gonadotropin (hCG) for induction of ovulation and luteinization, and then declined significantly. In the adult rats during the normal estrous cycle, the ovarian cAMP levels were low on the day of estrus, and there were no significant changes in ovarian cAMP-PDE activity throughout the estrous cycle. In the PE rats, the ovarian cAMP levels were similar to those of the adult rats on the day of estrus but were lower than those on the other days of the estrous cycle; ovarian cAMP-PDE activity was lower than that in the adult rats on any day of the estrous cycle. Together, these findings indicate that the ovarian cAMP level and cAMP-PDE activity were regulated in a stage-dependent manner during ovarian follicular development, atresia and luteinization and providing evidences that cAMP and cAMP-specific PDEs are involved in these physiological processes.
e n z y m e s , a d e n y l y l c y c l a s e ( A C ) a n d phosphodiesterase (PDE) , that catalyze synthesis and degradation of cAMP, respectively. PDE is a large group of isoenzymes encoded by at least 21 different genes that is organized into 11 families depending on biochemical and pharmacological properties, such as substrate affinity (cAMP or cGMP) and sensitivity to specific inhibitors [1] [2] [3] . In the ovary, oocytes are known to express the type 3 cAMP-specific PDE (PDE3B) gene, and granulosa cells are known to express the type 4 cAMP-specific PDE (PDE4D) gene, a mammalian homologue of the Drosophila dunce [4, 5] . Although many reports have examined the role of cAMP and PDE in the granulosa cells, luteal cells and ovaries of mammals [6] [7] [8] , most of the reports are limited to specific stages or are in vitro studies. Information about the roles of cAMP and PDE in the ovaries of neonatal and aged animals is lacking. Therefore, it is very important to study ovarian cAMP and PDE during development and aging. Our current study examined four typical rat models and was intended to provide insight into the mechanisms of the ovarian cAMP system during development and aging.
Four rat models, the postnatal, immature, adult and acyclic aged persistent estrous (PE) rat models, are widely used in the literature [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Since follicular development in the rat occurs postnatally [11] [12] [13] , we examined the postnatal rat model to determine the relationships between ovarian cAMP l e v e l , c A M P -P D E a c t i v i t y a n d f o l l i c u l a r development. The immature rats primed with gonadotropin model offers the synchronous nature o f f o l l i c u l a r d e v e l o p m e n t , o v u l a t i o n a n d luteinization [14] [15] [16] . Adult rats usually display typical estrous cycle patterns [17, 18] . Acyclic aged PE rats display follicular growth, but preovulatory f o l l i c l e s f a i l t o o v u l a t e d u e t o i m p a i r e d neuroendocrine control of luteinizing hormone secretion [19] [20] [21] . In order to examine the roles of c A M P -P D E i n t h e o v a r y o f r a t s d u r i n g development and aging, we investigated the ovarian cAMP levels and cAMP-specific PDE activities in the ovaries of four different rat models.
Materials and Methods

Animals and experimental design
S p r a g u e -D a w l e y r a t s ( Q i n g l o n g s h a n Experimental Animal Supply, Nanjing, P. R. China) were used in the present study. The animals were maintained under a 14-h light (0500-1900 h)/10-h dark schedule with food and water available ad libitum. The experimental protocol was approved in accordance with the Guide for the Care and Use o f L a b o r a t o r y A n i m a l s p r e p a r e d b y t h e Institutional Animal Care and Use Committee, Nanjing Agricultural University.
Four rat models were used in the current experiment, and thereafter we chose four coincident rats to contribute data for each treatment. were monitored during normal estrous cycles.
Vaginal cytology was assessed each day throughout the experiment as a measure of ovarian function and to determine reproductive senescence. Vaginal smears were stained with 1 % t o l u i d i n e b l u e a n d r e a d u n d e r photomicroscope. Only those displaying at least 3 consecutive 4-day estrous cycles were considered regularly cycling; regular cycles included proestrus (P), estrus (E), metestrus (M) and diestrus (D) [22] . The day of vaginal cornification was designated as the day of estrus, and the next day was designated as metestrus. 4) Aged rat model: aged rats (12 months old) with persistent estrous (PE) induced spontaneously and at least 15 consecutive days of vaginal cornification. The ovaries of the adult and aged rat models were obtained in the morning at approximately 1000 h. One ovary from each rat was fixed in 4% paraformaldehyde for histological evaluation, while the other ovary was snap-frozen and used for protein extraction and the subsequent cAMP and phosphodiesterase assays.
One ovary from each rat was homogenized with lysis buffer [50 mM Tris-HCl (pH 8.0), 150 mM N a C l , 0 . 5 % N P 4 0 , 2 0 % g l y c e r o l , 2 5 m M benzamidine, 0.5 µg/ml leupeptine, 0.7 µg/ml pepstatin A, 10 µg/ml trypsin inhibitor and 2 µg/ ml aprotinin] in a specific volume according to the weight of each ovary, with the rate being 1 mg ovary sample to 20 µl of lysis buffer. Total protein concentrations in the supernatant were determined using the Bio-Rad Protein Assay [23] , bovine serum albu min (BSA ) standards, and microplat e absorbance readings at 595 nm. Protein extracts were stored in liquid nitrogen until analysis.
Radioimmunoassay (RIA) of cAMP
The levels of cAMP were determined by competition binding with [
125 I]-succinyladenosine 3', 5'-cyclic monophosphate tyrosyl methyl ester (ScAMP-TME) [24, 25] . The amount of bound radioactivity was determined by gamma counting. The cAMP level of each sample was measured using commercial RIA kits (Shanghai University of Traditional Chinese Medicine, Shanghai, P. R. China). The minimum detection limit for cAMP was 0.1 pmol/ml for nonacetylated samples; crossreaction with cGMP was less than 0.001%. The intra-assay coefficients of variation for cAMP were less than 6%.
Assay of cAMP-PDE activity
The activity of cAMP-PDE was measured using 0.1 mM cAMP as substrate according to the method of Thompson and Appleman and as described previously [26] [27] [28] . Samples were assayed in a total volume of 200 µl of reaction mixture containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl and 0.1 mM cAMP. After incubation at 34 C for 30 min, the reaction was terminated by adding an equal volume of 40 mM Tris-HCl (pH 7.5) containing 10 mM EDTA followed by heat denaturation for exactly 1 min at 100 C. The cAMP level of each reaction tube was measured by RIA. In general, the phosphodiestease assay consisted of measuring cAMP degradation during a timed incubation. Phosphodiesterase activity was reported as the amount of cAMP hydrolyzed by PDEs in the samples in the assay. Blank (background) control reactions were conducted using tissue samples that were incubated in a boiling H 2 O bath for 5 min.
The cAMP-PDE relative activity was the value of the PDE activity to total protein concentration.
Statistical analyses
The results are expressed as the mean ± SEM. Differences between treatment groups were determined by one-way analysis of variance followed by Scheffe's post hoc test. Paired or unpaired two-tailed Student's t-test was used to detect significances between two series of data. P<0.05 was considered statistically significant.
Results
Histological examination
Our morphologic examinations showed that the neonatal rat ovary contained only primordial follicles that consisted of an oocyte partially or c o m p l e t e l y e n c a p s u l a t e d b y s q u a m o u s pregranulosa cells on the first day after birth (Fig.  1A) . In the following days, some of the follicles initiated development, and some of them had a s i n g l e l a y e r o f c u b o i d a l g r a n u l o s a c e l l s surrounding an oocyte. However, at 5 days of age, the largest follicles contained 3 layers of granulosa cells and began to form a partial layer of the theca interna (Fig. 1B) . The largest follicles in the 7-dayold ovary were beginning to have an antrum and to contain 2-3 layers of theca cells (Fig. 1C) , while the largest follicles of the 10-day-old ovary contained an antrum and at least 3 layers of theca cells (Fig.  1D) . In 21-day-old rats, the ovaries contained large antral follicles with multiple layers of granulosa cells and a well-developed theca interna with 4 layers of theca cells (Fig. 1E) . The ovaries of the immature rats primed with gonadotropin and those of the adult rats during normal estrous cycles showed typical histological changes as described in previous studies (data not shown) [9, 10, 18] . The ovaries of the PE rats contained many follicular cysts and failed to ovulate (Fig. 1F) .
Ovarian cAMP level and cAMP-PDE activity in the postnatal rats
The ovarian cAMP levels of the postnatal rats increased continuously from Day 1 through Day 7 and abruptly increased on Day 10; however, this was followed by a significant decline 21 days of age ( Fig. 2A) . Ovarian cAMP-PDE activity remained at low levels from the day of birth day to Day 10, but significantly increased on Day 21 compared with Days 1, 5, 7 and 10. (Fig. 2B) .
Ovarian cAMP level and cAMP-PDE activity in the immature rats primed with gonadotropin
In the immature rats, both the ovarian cAMP level and cAMP-PDE activity increased remarkably after treatment with eCG, further increased 24 h after an injection of hCG for induction of ovulation and luteinization, and then declined significantly at 72 h (Fig. 3) .
Ovarian cAMP level and cAMP-PDE activity in the adult rats
The normal estrous cycle of female rats consists of four stages, including proestrus (P), estrus (E), metestrus (M) and diestrus (D). In the adult rats, the ovarian cAMP levels were low at E, but high at P, M, and D (Fig. 4A) ; however, ovarian cAMP-PDE activity did not change significantly throughout the estrous cycle, although it tended to be lower at P (Fig. 4B) .
Ovarian cAMP level and cAMP-PDE activity in the acyclic aged PE rats
In the PE rats, the ovarian cAMP levels were similar to those in the adult rats at E but were lower than those at P, M and D (Fig. 4A) ; however, ovarian cAMP-PDE activity was significantly lower than that in the adult rats on any day of the estrous cycle (Fig. 4B) . 
Discussion
This study demonstrates that ovarian cAMP levels and cAMP-specific PDE activity are changed significantly at different reproductive stages in female rats, suggesting that the cAMP signaling pathway plays stage-specific roles during ovarian physiological processes.
Initiation of follicle growth is defined as the transition of primordial follicles from the quiescent to growth phase. Previous studies have shown that f o l l i c l e i n i t i a t i o n c o n si s t s o f t w o d i s t i n c t consecutive phases [11] [12] [13] . The first phase is characterized by transformation of granulosa cells f r o m f l a t t e n e d t o c u b o i d a l i n s h a p e a n d proliferation. During the second phase, an increase in the number of granulosa cells is accompanied by an increase in the size of the oocyte [9] [10] [11] [12] [13] . Our present study reveals that cAMP signaling may participate in initiation of follicle growth, since an increase of the cAMP level coincides with development of the ovarian follicles accompanying development and proliferation of granulosa cells until day 21. Furthermore, the data from studies using specific phosphodiesterase isoenzyme inhibitors reveals that PDE subtypes 4 and 3 are located in follicle granulosa cells and oocytes, respectively [4, 5] . Thus, in addition to the wellrecognized differential expression and regulation of adenylyl cyclase in the granulosa cell and oocyte cell compartments of the follicle, we also know that selective regulation and expression of PDEs may be involved in the regulation of cAMP levels and control of oocyte maturation in the preovulatory mammalian follicle. A previous study has indicated that oocyte cAMP levels are primarily regulated by degradation of PDE, whereas granulosa cell cAMP levels are controlled mainly by active adenylyl cyclase [29] . Our assay of cAMP-PDE activity showed that during the early stage of follicle development, there was no significant change in PDE activity before day 10 suggesting that cAMP-PDEs have little effect on the pattern of early follicular growth and development. However, the decline in cAMP levels on day 21 implies formation of cAMP compartmentalization and oocyte maturation, since oocyte maturation requires this increase in intracellular cAMP level [30, 31] . In gonadotropin-primed immature rat models, synchronous recruitment and ovulation of a homogenous cohort of ovarian follicles are induced by administration of exogenous gonadotropin on day 25-26 to prepubertal female rats. The ensuing follicular development is accompanied by a rising level of estrogen, which elicits a preovulatory gonadotropin surge at about 56-58 h post-eCG that is followed by ovulation at approximately midnight on the third day (63 h post-eCG) [14, 16] . Ovulation is induced by administration of hGC at the time of normal LH surge. In the present study, we examined changes in cAMP level and cAMP-PDE activity in order to further understand their roles in follicular dynamics. PDE4 is a member of the PDE superfamily that has been identified in ovarian granulosa cells and purposed to play a role in regulation of gonadotropin action [32] . However, cAMP-PDE activity in ovarian follicles is mainly related to PDE3, which is present in oocytes [29, [33] [34] [35] . Together, they may lead to an increase in PDE activity in ovaries treated with eCG, but the increase is not significant. PDE4 inhition in FSHprimed rats in vivo resulted in ovulation, indicating that the PDE4 inhibitors can substitute for LH and hCG in this process [4, 5] . Thus, an increase of cAMP-PDE activity after treatment with hCG may be related to the activity of PDE4 in granulosa cells. After ovulation, increases in the cAMP level may be regulated by hCG via activation of adenylyl cyclase.
In adult rat models, the estrus cycle is a process of recruitment, development, selection, dominance, ovulation, and luteinization. In 4-day-cyclic rats, striking changes in gonadotropin secretion occur from the evening of proestrus to the early morning of estrus [17, 36, 37] . E xcept during this periovulatory period, the plasma concentrations of both FSH and LH remain at low basal levels [17, 36, 37] . In many mammalian species, including rats, the midcycle surge of LH drives a series of events that include oocyte maturation, follicular rupture, and luteinization of granulosa and thecal cells [15, 38, 39] . The LH surge is accompanied by an FSH surge that might be relevant to these processes [40] . It is well-known that FSH and LH exert their activities via activation of the cAMP signal [41] [42] [43] . Any factor that alters intracellular cAMP levels is a p o t e n t i a l m o d u l a t o r o f g r a n u l o s a c e l l differentiation and hence follicle development. The LH surge causes major remodeling of ovarian follicles in preparation for the ovulatory process. These changes includ e repro gramm in g of granulosa cells for differentiation into luteal cells, changes in the secretary properties of cumulus cells, and oocyte maturation. Gonadotropin induction of ovulation and oocyte maturation is associated with a major increase of cAMP in ovarian follicles [31, 44] . During late preovulatory follicular development, the higher concentrations of cAMP caused by stimulation with LH suppress granulosa cell proliferation and downregulate some of the genes induced by FSH at earlier stages of preovulatory development. After ovulation, the ovarian cAMP levels of the adult rats decrease significantly; and this were different from those of the gonadotropin-primed immature rats. The reason for this difference may be partly due to the shorter life of LH compared with HCG [45] . It is clear that low concentrations of LH stimulate adenylyl cyclase, cAMP production, and activation of protein kinase A, as in our experiment, the cAMP level was increased during the metestrus stage. However, high levels of intracellular cAMP could enhance steroidogenesis and at the same time induce apoptosis in granulosa cells, which may be related to recruitment of primordial follicles, initiation of folliculogenesis, and preparation for a proper response to FSH elevation at the beginning of the subsequent ovarian cycle. It is known that degeneration of the old corpora lutea in each estrous/menstrual cycle by programmed cell death is essential for maintenance of normal cyclicity of ovarian steroidogenesis [40, 46] . Based on comparison with the gonadotropin-primed i m m a t u r e r a t m o d e l s 2 4 h a f t e r h C G administration, the different patterns of temporal changes in cAMP concentrations on the day of estrus in the adult rats further imply that there are differences between immature and adult rats in regard to the complex mechanisms in regulation of the cAMP system; these differences may be due, in part, to the remnants of previous corpora lutea.
The decrease in ovarian cAMP-PDE activity in the PE rats might be due to the formation of follicular cysts. PE females display follicular growth, but fail to ovulate due to the absence of normal neuroendocrine function, resulting in formation and accumulation of follicular cysts with degenerating granulosa layers [10] . Since the cysts usually have a large volume of solution inside the antrum, this may be one reason that ovarian cAMP-PDE activity is low in PE rats.
In summary, the temporal changes in cAMP level and cAMP-PDE activity observed in the present study strengthen their proposed roles in ovarian physiological processes. Furthermore, the regulation of cAMP level and cAMP-PDE activity likely reflects multiple functions and complex regulations of these protein enzymes in the ovary. Future study is required to reveal the molecular mechanisms regulating cAMP-PDEs, the various influences of cAMP-PDEs on ovarian functions, a n d t h e i r i n t e r a c t i o n s w i t h o t h e r s e c o n d messengers such as the cyclic GMP pathway.
